Ultrastructural studies of single and serial sections of bullfrog olfactory axons showed that smooth endoplasmic reticulum (SER) tubules, which usually appear as single profiles in cross-sections of axons, are continuous over
Ultrastructural studies of single and serial sections of bullfrog olfactory axons showed that smooth endoplasmic reticulum (SER) tubules, which usually appear as single profiles in cross-sections of axons, are continuous over considerable distances, but that discontinuities do exist. Computer-assisted three-dimensional reconstruction of portions of axons indicated that the SER tubules show considerable variation in the volume of the cisternal space along the tubule, which often follows a tortuous path. Some branching and anastomosing appears to occur, and electron-dense material was present in the cisternal space of some tubules. SER tubules are often bridged to neurofilaments and less often to microtubules. The usual two to three microtubules in the axoplasm form a domain which is characterized by a clear area, or zone of exclusion, around the microtubules. Ultrastructural cytochemistry was used to demonstrate that SER tubules actively sequester Ca. The electron-dense product (calcium oxalate) was uniformly and specifically associated with the SER of axons at both proximal (closest to the perikarya in the olfactory epithelium) and distal (closest to the olfactory lobe of the brain) ends of the olfactory nerve. It is concluded that the primary function of SER tubules in these axons is to serve in the regulation of Ca in the axoplasm, probably to facilitate fast axoplasmic transport, and that a secondary function may be the translocation of material in the cisternal space. The observations are discussed as they may relate to the "microstream" hypothesis of axoplasmic transport, and it is argued that fast transport occurs through the zone of exclusion associated with the microtubule domain(s) of axons.
The predominant formed elements of typical vertebrate axons include microtubules, neurofilaments, mitochondria, smooth endoplasmic reticulum (SER), and, in many instances, various vesicular and vacuolar elements. These components are often seen to be interconnected with one another by a matrix of delicate filaments. Axoplasmic transport of components, from molecules to mitochondria, occurs at several rates and in both directions through this mileu. In addition to the axoplasmic matrix space defined by the Recerved February 11, 1985; Revised April 15, 1985; Accepted Aprrl 16, 1985 ' This work was supported by Public Health Service Grant GM 24992 and a grant from the University Biomedical Scrence Support Grant Subcommittee. We wash to thank our colleagues, Drs. William Dentler and Daryl Hartter for crrtrcally readrng the manuscript and offering helpful suggestions. ' To whom correspondence should be sent.
limiting axolemma, two other closed membrane compartments are always present. One compartment is that which occurs within mitochondria, which is actually a double compartment, and the other is the cisternal space of the SER.
Ducros (1974) examined semi-serial sections of SER in large axons of Octopus nerve and attempted to reconstruct its threedimensional (3-D) nature. The SER was described as a peripheral tubular network continuous with a more central system of "irregularly anastomosing tubules with varicosities." It was suggested that the SER might play a role in translocation of metabolites. Earlier, Lieberman (1971) had described an intimate spatial relationship between SER and microtubules in frog neurons and had theorized that neuronal SER might function as does sarcoplasmic reticulum in sequestering Ca. The high voltage electron microscope was used to examine axons in thick sections of nerves secondarily fixed in the presence of potassium ferrocyanide (after diaminobenzidine incubation) to better visualize membrane elements, including axonal SER (Tsukita and Ishikawa, 1976) ; in this study, the SER was determined to be a continuous network of narrow, longitudinally oriented tubules that anastomosed with each other. Droz et al. (1975) studied the spatial arrangement of SER in axons of rat spinal and chick ciliary ganglia and concluded that the SER formed a continuous system extending the length of the axon. Furthermore, ultrastructural radioautography provided evidence that labeled proteins might be rapidly translocated in association with SER, even though the location of silver grains made it impossible to determine whether labeled proteins were located within the cisternae or on the surface of the reticulum. Other workers examined the ultrastructure of axons on either side of locally chilled sites alongnerves, with chilling sufficient to block axoplasmic transport. Membranous elements accumulated in axons on the proximal side of the chilled sites, and these "vesicotubular" membranes were considered to be SER, or derived from SER (Tsukita and Ishikawa, 1979, 1980) . Using a cytochemical method to localize Ca, with calcium oxalate as an electron-dense product, along with x-ray microanalysis, Henkart et al. (1978) provided the first convincing evidence that the SER of axons could sequester Ca. Since then, the pumping and sequestering of Ca by SER has been confirmed in many kinds of axons (e.g., Duce and Keen, 1978; McGraw et al., 1980; Chan et al., 1984) in perikarya and dendritic spines (Henkart, 1980; Fifkova et al., 1983) and in invertebrate and vertebrate photoreceptors (Walz, 1979 (Walz, , 1982a Ungar et al., 1984) . The accumulation of Ca by axonal SER is an energy-dependent process, one of several properties shared by SER and the sarcoplasmic reticulum of muscle cells (Walz, 1983) .
In terms of translocation of material in association with axonal SER, three obvious possibilities come to mind: (1) material could become linked to the SER membrane and be transported along with membrane flow (conveyer belt hypothesis; see Hammerschlag and Stone, 1982) ; (2) material could gain access to the cisternum, perhaps even in the perikaryon, as a consequence of translation of proteins, and then be translocated through the cisternal space (conduit hypothesis; see Teichberg and Holtzman, 1973; Alonso and Assenmacher, 1979) ; and, (3) material sequestered in the cisternum could be trapped as cargo in vesicles pinching off the SER, be transported through the axoplasm for a given distance (perhaps along the surface of microtubules), and then fuse with a main SER tubule, returning the material to the cisternal space (shuttle hypothesis; see Tsukita and Ishikawa, 1976) .
The literature reflects some uncertainty about whether axonal SER extends from the perikaryon to the axon terminal, and it is obvious that difficulties have arisen in distinguishing SER membranes from other membranous elements in the axoplasm, particularly in large axons. Also, possible associations between SER and other axoplasmic constituents have not been studied in any detail, and if the SER does serve as a conduit, why is there so little evidence of material in its cisternae? For example, if shuttle vesicles are continuously pinching off the main SER tubules for rapid translocation, then emptying their contents back into the cisternal space by membrane fusion, should there not be structural evidence for such activity? Furthermore, since one function of axonal SER is to sequester Ca, it would be desirable to determine whether there are regional differences in this property along the axon, Frog olfactory axons are small and structurally uncomplicated; in many respects they are ideal model systems for ultrastructural studies of axons. Cross-sections of these axons show that they contain one, or a few, SER profiles, and that, except for mitochondria, no other membranous elements are normally present in the axoplasm. In addition to an SER tubule and an occasional mitochondrion, the only other prominent formed elements are a few microtubules (usually two or three) and a variable but small number of neurofilaments. The structural simplicity of the olfactory axon led us to study its SER in considerable detail, and these studies provide evidence that: (1) the SER is continuous over great distances in the axon, but portions of some axons show no SER profiles at all; (2) the tubule of SER usually follows a tortuous path, often with great variations in its cisternal volume; (3) there is no structural evidence of lateral vesiculation or vesicle fusion and, in fact, vesicles are not usually encountered in these axons; (4) dense material is sometimes seen in the cisternal space; (5) the SER is often bridged to neurofilaments or microtubules, but it seems to be more often associated with the former; and (6) SER of frog olfactory axons sequesters Ca by an ATP-dependent process, and the sequestration of Ca appears uniform along the SER at points proximal and distal to the perikaryon.
Materials and Methods
Adult bullfrogs (Rana catesbeiana) were obtained locally or from commercial sources, kept in an amphibian facility at 20°C. and fed regularly. Isolation of olfactory nerve pieces Into proximal and distal pieces, with reference to the perikarya in the olfactory epithelium, has been described and rllustrated elsewhere (Burton, 1984) . A number of fixatrves were used, including 2.5% glutaraldehyde buffered with 0.1 M cacodylate at pH 7.2 to 7.4. Most of the material used in this study, however, was fixed in 2% glutaraldehyde in 0.1 M PIPES buffer (pH 6.9) containing 10 mM EGTA, 2 mM MgCI*, and 0.5 mM guanosine 5'.tnphosphate.
Fixation was usually for 1 hr at room temperature with continuous agitatron. Thereafter material was secondarily fixed in 1% osmium tetroxide buffered with 0.1 M cacodylate (pH 7.2 to 7.4) processed with or wrthout staining In 2% aqueous uranyl acetate for 30 to 60 min, dehydrated in acetone, and embedded in Araldite 502 resrn.
Silver to gray sectrons were obtained with a diamond knrfe, picked up on 400 mesh grids, and typically stained with methanolic-ethanolic uranyl acetate and lead citrate (10 min and 5 min, respectively; see Kim et al., 1979) . Sections were examined in a Philips 300 transmission electron microscope. Serial sections were obtained using a simple micromanipulator as a "third hand," following the methods described in detail by Rieder (1981) (Burton, 1985) .
The cytochemical methods of Walz (1979 Walz ( , 1982a were used to localize Ca sequestered by SER, with the methods modified from those originally described by Heumann and Zebe (1967) . Essentially, the approach involved brief incubation of fresh nerve pieces in a lysis medium containing saponin (500 pg/ml), which selectively permeabilizes cholesterol-rich plasma membranes but not endomembranes such as SER within the incubation time used. Material was then incubated in a loading medium containing ATP and potassium oxalate (at a calculated 0.85 PM Ca), and membrane compart ments competent to actively sequester Ca at this concentration accumulated the ion. Under these conditions, the level of Ca in the compartment rises to the cntrcal concentration required to complex with oxalate, forming electrondense calcium oxalate which remains at or near the site of its formation. Thereafter, nerve pieces were fixed and prepared for electron microscopy. Pieces of the proximal (to the perikarya) and distal (closest to the olfactory lobe of the brain) olfactory nerve were incubated in lysis medium for 15 min at room temperature and then transferred to loading medium and incubated at room temperature (or at 0 to 4°C with no apparent difference) for 60 min. Thereafter, samples were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2 to 7.3) containing 40 mM potassium oxalate; fixation was at 0 to 4°C for 60 min. Material was rinsed in buffer containing 40 mM potassium oxalate and fixed for 60 min at room temperature in 1% osmium tetroxide buffered with 0.1 M cacodylate, also containing potassium oxalate. Nerve pieces were then dehydrated in an acetone series and embedded in Araldite 502 resin. Sections were examined unstained and were obtarned using 10% ethanol in the knrfe trough to which was added 40 mM potassium oxalate. Upon picking up ribbons on 400 mesh uncoated grids, the grids were allowed to dry and then were gently rinsed with distilled water to remove any excess oxalate from the surface of the sections. For control material, nerve pieces were permeabilrzed and incubated without ATP, in the presence of 1 mg/ml of apyrase to inhibit ATP actrvrty, or in the absence of potassium oxalate.
Results
Typical olfactory axons of the frog are shown in cross-section in Figure 1 . Their diameter usually falls in the 0.1. to 0.3~Frn range and their most prominent feature is their small size; the most prominent organelles in the axoplasm are microtubules (usually two or three in number), one or more profiles of SER (usually one is seen), a variable number of neurofilaments, and an occasional mitochondrial profile. Often the neurofilaments occur in a discrete group, as in the two axons in Figure 1 , and lateral bridges between their roughly circular profiles are often evident, as between two pairs of neurofilaments in the lower axon. The microtubules also often appear to occupy a defined area of the axoplasm. The third obvious profile in most cross-sections is that of SER, which is highly variable in its shape and size, the latter quality reflecting the luminal (cisternal) volume of the compartment. The irregularly shaped SER profiles appear to be more often associated with neurofilaments than with microtubules.
In favorable axonal cross-sections, the filamentous nature of the axoplasmic matrix is evident, as shown in the lower axon in Figure contour of the axolemma. At the left end the SER is associated with a neurofilament, which has the characteristic "pipe cleaner" appearance with many lateral filaments extending from its surface. At the lower left in Figure 2 the neurofilament is linked (Fig. 2 , arrow) to another tubule of SER seen in tangential section.
Figures 3 to 5 all show portions of single axons in longitudinal section. Wispy filaments can be seen extending from the surface of the SER in Figure 3 (arrows), and at the top, some of these filaments link the SER to the axolemma. At the top of Figure 4 , two neurofilaments are seen to be interconnected by bridges, and the lower neurofilament is also clearly linked to the SER. The blind end of an SER tubule is shown at the right in Figure 5 (arrow), and the great variation in the dimensions of the cisternal space (Fig. 5, x) is well illustrated. A neurofilament is closely associated with the upper surface of the SER profile.
It is not uncommon to see material in the cisternae of SER, as shown in Figures 6 to 11. Sometimes the material appears as a small, compact mass centrally located in the cisternum (Figs. 6 and 7). In other cases the cisternal material is more amorphous (Figs. 8 to 11). Filamentous elements are seen to be associated with the surface of SER profiles in Figures 6 and 7 (arrows), and Figure 11 (open arrowheads to the right); two profiles of SER are seen in Figure 11 (arrows), only one of which shows cisternal material. Infrequently, SER will contain large, dense masses of material, as shown in Figure 15 , where serial sections of an axon were obtained. In this axon, the SER was observed to branch and anastomose, as will be discussed later, but one of the profiles in the series contains a mass of electron-dense material which appears to be roughly spherical. Even though some material is seen in SER profiles in Figure 15 , f and g, the primary mass is seen in Figure 15 , j to m, where it appears to have a large dense core limited by what may be one or more trilaminar membranes (Fig. 15, k and I) .
To obtain additional information on the 3-D path of SER through is seen to follow a fairly straight path through the series and remains associated with the SER, mitochondnal, and neurofllament profiles; filaments in a given axoplasmic area, although the shape and dimensions of extend from the lower surface of the mitochondnon (arrow) to connect it to the SER profiles vary somewhat from section to section. In this the inner surface of the axolemma (axol). Note the close association between series, there is an obvious association between the SER and neuthe SER profile at the lower leti and the SIX neurofllaments; two pairs of the rofilaments. To further visualize the SER in this axon in three dimenneurofllamentsare bridged together. In the axon at the top, the neurofilaments sions, axoplasmic components were digitized and then subjected occur as a group enmeshed in a vague matrix network, with the SER profile to computer-assisted reconstruction (Fig. 13) . Figure 13a shows the nearby Magnification x 264,000; bar = 0.05 pm.
complete reconstruction of the axon for 15 sections (representing approximately 1 pm of axon length), along with the profiles of SER 1. In this axon, the matrix is most evident in its association with SER, from an adjacent axon which were also digitized. The profiles are turned on edge vertically, or rotated 65" (i.e., each slice or profile is neurofilaments, and the mitochondrion, where filaments can be seen turned 65" around its Y-axis), and displayed in a series with the ( Fig. I, arrow) connecting the outer mitochondrial membrane to the distance separating the profiles (sections) selected as appropriate. inner surface of the axolemma (Fig. 1, axol) . Often an irregular Note that the SER of the adjacent (lower) axon follows a more meshwork of matrix filaments is associated with an SER-neurofilawandering path than the one at the top. In the complete reconstrucment complex. In contrast, as shown in Figure 1 , a filamentous tion at the top, however, it is difficult to follow the profiles of SER matrix is often absent around microtubule profiles, and it appears because of overlapping profiles of other structures. To better delinthat the microtubules and the empty-appearing area around them eate the 3-D paths of the SER in the two axons, only the SER and comprise another axoplasmic domain. axolemma were selected for display, and in this instance stereoStudies of longitudinal profiles show that the SER extends uninscopic pairs were plotted (again the profiles were rotated 65" around terrupted for considerable distances within olfactory axons. In the the Y-axes, but the two plots differed by a 5" rotation in the X-axis). axon at the fop of Figure 2 , a tubule of SER can be seen extending This allows the viewer to visualize the separated profiles in true 3-D across the micrograph; at the left (Fig. 2, arrow) , the SER tubule is space (Fig. 13, b and c) . Clearly, the SER in the upper axon follows linked to one of the two microtubules in the axon, and along its a relatively straight path whereas that of the lower axon is more lower surface it is bridged to the axolemma by matrix material. In wandering. this same axon, the matrix-free channels along the microtubules can Serial sections of three olfactory axons are shown in Figure 14 . A be clearly seen, even though at several points the upper microtubule number of observations can be made based on this series. In the is bridged to the axolemma (Fig. 2, top arrow) , and a bridge or two axon at the top, the SER profiles (open arrowheads) follow a relatively can also be seen between the microtubules themselves. Studies of straight path through the axoplasm, even though the shapes of the microtubules in longitudinal views of axons indicate that they are profiles are somewhat variable from section to section. Again it is relatively straight structures. In the axon at the bottom of Figure 2 , obvious that the SER IS more closely associated with neurofilaments the SER shows an apparent blind end at the left and a region where than with microtubules, and that an electron-lucent area can be the cisternal space (Fig. 2, cist) is greatly expanded and follows the delineated around the microtubule profiles. By following the three to the left, and another tubule whrch IS sectioned tangentially and appears as a dense region under the number 2 at the lower left. The upper SER profile shows a dilated region where the area of the cisternum (cist) IS greatly increased. A neurofilament (nr) can be seen at the left which IS extensively bridged to the SER (lower left arrow). Figure 3 shows part of an SER profile with numerous lateral filaments (arrows) extending from Its surface; a mrcrotubule (mt) IS shown at the bottom. The upper matrix filaments appear to bridge the SER to the axolemma at the top. Figure 4 shows a portron of an axon with two interconnected neurofrlaments (nr); the lower neurofrlament IS bridged at two points to the SER tubule. In Figure 5 , a single neurofrlament (nf) IS seen at the top of the axon In assocration with a tubule of SER which terminates blindly at the right (arrow). Note that the neurofrlament appears to be connected to the axolemma at the top by numerous matrix filaments and that the cisternal space (x) of the SER IS clearly seen. Two mrcrotubules (mt) are evident, and the upper microtubule may be brrdged to the SER tubule. Magnrfications: Figure neurofilaments to the left of the SER from section to section, it can be seen that the middle neurofilament changes its position in space. Generally, neurofilaments follow a more wandering path through space than do the microtubules, which tend to be relatively straight (Fig. 13~1) . Not all axon cross-sections show profiles of SER; in the middle axon in Figure  14 ( Figure 15 . In the first section of this series, a single profile of SER is seen (Fig. I!%, open arrowhead). In the next section (Fig. 15b, open arrowheads) , two profiles are seen to be connected by a tangentially sectioned membrane. Thereafter, two distinct profiles appear, followed by three profiles in Figure 15 , d to i. In Figure 15 , f and g, one of the three profiles shows dense material in the SER cisternurn (X in Fig.  15, f and g ). Further along, the three profiles are replaced by only two in Figure 15j , and then the third SER profile reappears with a large dense mass in its cisternal space (Fig. 15, k to m) , which disappears in Figure 15n , along with one of the SER profiles. Finally, in the 15th and last section in this series, only two profiles of SER are seen, one having a dumbbell-shaped outline (top profile in Fig.  150) . Obviously, the SER in this stretch of axon is in the form of a tubular network of sorts, and only by studying serial sections can one begin to appreciate the 3-D nature of the network.
In order to better visualize the distribution in space of the SER profiles in the series shown in Figure 15 , the profiles were digitized and subjected to computer-assisted reconstruction. Stereoscopic pairs of the profiles were plotted, and these are shown in Figure 16 , a and b, and Figure 16 , c and d; the stippled regions of the profiles in Figure 16 , a and b, represent tangential sections through SER membranes. The two small x symbols in sections 6 and 7 (counting from leti to right) in Figure 16a represent the cisternal spaces where dense material was seen in Figure 15 , f and g, and the large and dense cisternal masses seen in this series are outlined in reconstructed profiles representing sections 11, 12, and 13. The reconstructions in Figure 16 , a and b, were both plotted with an X-axis rotation of 45', and the Y-axes were rotated at 70 and 75' to provide the 5" difference required for a stereoscopic effect. Figure 16 , c and d, show these same digrtized profiles in a different perspective; again, stereoscoprc images were plotted, but in thus case the X-axis was 0, the Z-axis rotatron was 90" in both cases, and the Y-axes differed by 5" In their rotation (60 and 65"). Obviously, stereoscoprc views of reconstructed SER profrles are valuable in providing a better understanding of the 3-D arrangement of the SER seen in Figure 15 . Figure 16 , e and f, provides a stereoscopic view of SER profiles in a set of 17 serial sections, where the SER follows a particularly wandering path through space and also varies greatly in the dimensions of Its crsternal space from one section to the next. In section 4 in this series (beginning with that section farthest from the viewer), there are two profiles, indicating branching of the SER, but by section 5 the two tubular branches have apparently fused, since only a single profile is seen in the series from this point in space toward the viewer. Note that the SER cisternurn is greatly expanded as profiles 14 to 17 appear in space closer to the viewer. The stereoscopic pairs were generated by rotating around the Y-axis at 25" (Fig. 16e) and 20" (Fig. 16f) .
It was determined In preliminary studies that SER tubules of olfactory axons were posrtively stained when secondarily fixed in osmium tetroxide ferricyanide, a method used by others to identify SER in a variety of cell types, including sarcoplasmic reticulum (Forbes et al., 1977; Schnepf et al., 1982; Walz, 1982a) . Since the Figure 6 shows a small mass of material in the cisternum; filaments are seen extending from the surface of the SER. Figure 7 also shows a small, compact mass (arrow) in the cisternum of an SER tubule. Figure 8 shows a somewhat larger mass (arrow) in an SER lumen, but the mass is rather amorphous. Figure 9 shows an SER tubule in which the cisternum is filled with dense material; filaments can be seen (arrows) extending from the surface of the tubule. The SER tubule in Figure 10 shows a mass of material (arrow) in its cisternal space; note the close association between neurofilaments and the SER tubule. note that the profrle IS closely associated wrth a cluster of four neurofrlaments. In drgitrzrng this series for computer-assisted reconstruction, the two microtubules shown by the + symbol were used as the two internal reference points, since rnrtral rnspectron of the serves indicated that their relative posrtrons in space remarned the same throughout (i.e., they appeared straight). Note the changes in shape of the SER profile from mrcrograph to mrcrograph The reconstruction of thus stretch of axon IS shown in Frgure 13a and represents a total estimated length of slightly over 1 pm. Magnifrcatron x 146,000, bar = 0.05 pm.
Ca-sequestering ability of sarcoplasmic reticulum is well known, and since Walz (1979 Walz ( , 1982a amply demonstrated the ability of SER in insect photoreceptor cells to sequester Ca, his methods were employed in attempting to demonstrate the active pumping of Ca by SER of frog olfactory axons. As shown in Figures 17 to 22 , the results were positive. Pieces of olfactory nerve were briefly incubated in medium containing saponin to permeabilize axons and then were incubated in the presence of ATP, oxalate, and micromolar levels of Ca; material thereafter fixed, sectioned, and examined with the electron microscope showed the electron-dense calcium oxalate specifically associated with SER profiles.
A longitudinal profile of SER from an axon in an experimental nerve piece is shown in Figure 17 , where the reaction product (calcium oxalate) is seen to be rather uniformly distributed in the cisternal space. If samples were incubated in medium devoid of ATP (5 mm), little if any product was seen to be associated with SER profiles (Fig. 20) . Likewise, very little product was seen if nerve pieces were permeabilized and then incubated in medium containing apyrase, to inhibit ATP, or in medium devoid of oxalate (Figs. 21  and 22) . In cross-sections of experimental axons, the delicate but very obvious reaction product was usually specifically associated with SER profiles (Figs. 18 and 19) where it appeared either within the cisternal space or along the SER membrane. Mitochondria rarely showed evidence of calcium oxalate, indicating that at the low concentration of Ca used the organelles sequestered little if any of the ion. The specificity of the reaction product was often striking in unstained cross-sections of axons, where electron-dense material was associated with almost all of the SER profiles (Figs. 18 and 19) . With the cytochemical methods used, no differences were noted between the distribution of reaction product in proximal or distal portions of axons in the olfactory nerve, with reference to their perikarya in the olfactory eprthelium of the frog.
Discussion
Even though it IS possible that in some neurons the SER forms a continuous unrnterrupted network from the perikaryon to its axonal termrnals, this is clearly not the case in frog olfactory neurons. In olfactory axons the SER is continuous over great distances, but it IS nonetheless a discontinuous system, as shown by studying and reconstructrng serial sections in 3-D space. The longitudinal continuity of SER was earlier questioned on the basis of studies of pike olfactory axons, where It was reported that SER profiles could not be found in 14% of the axon cross-sections examined (Kreutzberg and Gross, 1977) . Unless serial sections were studied, however, it might be easy to overlook SER profiles in such small axons in a given section when the membrane was cut tangentially, especially at relatively low magnifications.
The possibilrty that SER serves as a vector or is a conduit for fast axoplasmic transport is an interesting hypothesis that has not been confirmed in recent studies. The association of rapidly transported protein with SER profiles, as reported by Droz et al. (1975) is difficult to explain. The rapid accumulation of "vesiculotubular" elements in axons on the proximal side of a cold block, as reported by Tsukita and lshrkawa (1979, 1980) is not sufficient to implicate SER as a rapidly transported membrane compartment. Considering that most axons contain, in addition to SER membranes, various kinds of vesicles and vacuoles, it would be difficult to identify SER membranes with certainty unless a characteristic property could be demonstrated, such as the cytochemical demonstration of specific enzymes (Teichberg and Holtzman, 1973) or the ability to sequester Ca.
Ellisman and Lindsey (1983) used a focal chilling method to block axoplasmic transport at closely adjacent sites along saphenous nerves of mice. By studying the accumulation of material on either side of such sites, as well as in the warmed region separating the sites, ultrastructural evidence was obtained showing that SER is not rapidly transported through the axon, indicating that the membrane system probably is not a fast-moving conveyer belt translocating attached components by membrane flow. The findings were discussed as they related to the transport of membranous elements within axons; whatever the role of SER in axoplasmic transport, the recent evidence indicates that its involvement is limited to anterograde movement and that SER membranes are distinct from the spherical or slightly elongated membranous elements associated with retrograde transport (LaVail et al., 1980; Rambourg and Droz, 1980) .
In examining serial sections and computer reconstructions of frog olfactory axons, there was little evidence of vesicles associated with the SER, as if undergoing fusion. In fact, normally, these axons are devoid of vesicles and vacuoles. It is thus unlikely that the shuttling Figure 73 . Computer-assisted reconstructions of the axon shown in serial sections in Figure 12 (a to 0). a shows digltlzed profiles plotted for all of the major formed elements of the axon (axolemma, microtubules, neurofilaments, and SER), along with, the SER profiles of an adlacent axon, at the bottom. Although the SER profiles In the completely reconstructed axon follow a relatively straight path, those in the neighboring axon follow a wandering course through space, even though the center-to-center distance between the two axons remained identical over the course of the 15 sections. Note that the neurofilament at the lower left follows an oblique path, relative to the longitudinal axis of the axon. This reconstruction was plotted at a Y-axis setting of 65" (I.e., each sectjon was rotated around its vertical axis by 65"). To show more clearly the 3-D course of the SER, two plots were made in which only the SER and axolemmal profiles were displayed, with the two differing by 5" around the X-axis (the Y-axis remained at 65") to provide stereoscopic pairs. These are shown in b and c. In contrast, the three microtubules form a domain of their own to the left which is characterized by a relatively clear area around the microtubule profiles. Note that the neurofilament profiles tend to wander in space from section to section. For example, follow the path of the lower neurofilament profile of the three to the left of the SER profile in a. The middle axon in this series shows no evidence of an SER tubule or neurofilament profiles, containing only two microtubules (mt). The lower axon is also devoid of neurofilament profiles, although an SER tubule is present. The membrane profile in h may be a vesicle, although vesicles are rarely seen in frog olfactory axons. Magnification x 135,000; bar = 0.05 Wm.
of vesicles pinched off the SER occurs in olfactory axons, as and Holtzman, 1973; Alonso and Assenmacher, 1979) . Whether suggested by Tsukita and lshikawa (1976) . The occurrence of such material is actively or passively translocated is unknown. If the various -forms of electron-dense material in the cisternae of the SER SER tubule varied its dimensions in a wave-like manner, either as a of olfactory axons does, however, provide evidence that tubules of result of force generation intrinsic to the membrane or as a result of SER may serve as conduits for certain components (see Teichberg extrinsic forces imposing shape changes on the tubule, cisternal indicating that,the tubule had undergone branching and anastomosing. One of the three SER profiles in f and g shows dense luminal material (x), which is no longer seen in h. In i, however, dense material reappears and remains through n, where the SER membrane around the luminal material is sectioned tangentially. The SER in this series is reconstructed in Figure 16 , a to d. Magnification x 146,000; bar = 0.05 pm. Figure 15 (a to 0). The best stereoscopic effect is obtained wrth a magnifying viewer, and when viewed in true 3-D in thus manner, one appreciates the complex path followed by this system of SER tubules. In c and d, the X-axis was 0, the Y-axis was 60 and 65", and the Z-axis was 90". e and f show a stereoscopic reconstruction from 17 serial cross-sections of SER, where the tubule IS seen to follow a highly tortuous path with a great increase in cisternal area (volume) In the SER profiles closest to the eye of the viewer. Also, there IS one apparent point of branching and anastomosing in this series (see the text for details). e is overlaid with a gray dot pattern to enhance the 3-D effect when the images are visually fused. (Metuzals, 1969; Burton and Fernandez, 1973; Ellisman and Porter, 1980; Hodge and Adelman, 1980; Hirokawa, 1982) and there can be no doubt that these bridging macromolecules are real and that they play important but unknown roles in the functional integrity of neurons. In olfactory axons, the SER was often seen to be bridged to neurofilaments and, to a lesser extent, to microtubules. Although the function of neurofilaments is unknown, they and microtubules appear to be among the slowest-moving components of the axoplasm (Brady and Lasek, 1982) and it is likely that at least one function of these relatively stationary linear elements is to provide the axon with a stable internal skeleton. profiles of microtubules, and it is discussed and referred to as the "exclusion zone" by Dustin (1978) . The significance of this zone is unclear.
However, there is growing evidence that translocation of molecules and even organelles can occur along the surfaces of microtubules (Schliwa, 1984; Koonce and Schliwa, 1985; Schnapp et al., 1985) and that microtubules play a role in fast axoplasmic transport.
The general acceptance of the involvement of microtubules in fast transport is based, in part, on dozens of studies showing that antimicrotubule drugs (e.g., colchicine) inhibit translocation (first shown by Dahlstrom, 1968; see Heslop, 1975, for review Figure  17 shows reaction product in an SER tubule seen in longitudinal profile; dense product is clearly restricted to the SER. Experimental axons are shown in cross-section in Figures 18 and 19 , where almost all profiles of SER contain reaction product. Very little, if any, reaction product is seen in material incubated without ATP (Fig. 20) in medium containing apyrase to inhibit ATP (Fig. 21 ) or in medium devoid of oxalate (Fig. 22) . See the text for further details. axons. The prrmary function is to play a role In marntatning functionally appropriate levels of Ca in the axoplasm by sequestering the ion using an ATP-dependent mechanism associated with the membrane (a pump, if you will). A secondary function is that of providing a tubular compartment through which components (symbolized by the apple) might be translocated.
Whether such translocation occurs In a passive or active manner, symbolrzed by the wagon attached to the question mark, is unknown.
found to induce the redistribution of microtubules and neurofilaments of axons into separate and distinct groups (Papasozomenos et al., 1981) and autoradiography was used to show that labeled proteins translocated at the fast rate were associated with the group of microtubules and not with that of neurofilaments (Papasozomenos et al., 1982; Griffin et al., 1983) . Collectively, such frndings indicate that microtubules are somehow involved in fast axoplasmic transport, probably by serving as guideways and attachment sites for some macromolecule providing the motive force for translocation (Burton and Fernandez, 1973; Schliwa, 1984) .
Since it is known that fast and slow axoplasmic transport occur in olfactory axons (Gross and Beidler, 1973; Gross and Kreutzberg, 1978; Weiss et al., 1978 ; our own unpublished studies with frog olfactory nerve), the obvious channel through which fast transport occurs is that surrounding mrcrotubules, or through the exclusion zone. In this regard, of the many hypotheses attempting to explain the mechanism of fast axoplasmic transport, one stands out for its elaborate concern with the axoplasmic channels through which movement is likely to occur. This is the "microstream" hypothesis originally set forth by Gross (1975) and recently updated by Weiss and Gross (1982) . Although this theory has little to say about specific macromolecules that could bridge a component to a microtubule and undergo a conformational change to move the component in space along the microtubule, the theory deals at length with the biophysical nature of the axoplasm and the low viscosity channels through which fast transport surely occurs. In the case of olfactory axons, one is quickly struck with the likelihood that the domain around the neurofilaments and SER, often enmeshed in a matrix network of sorts, was in a gel state in life, and that the domain of exclusion around the microtubules was in a low viscosity sol state. This would be much in keeping with some of the precepts on which the microstream hypothesis is based (Gross and Weiss, 1982) .
The available evidence indicates that one of the main functions of axonal SER is to maintain appropriate physiological levels of Ca in the axoplasm, and that mitochondria probably provide a backup sink, but only at Ca levels well above the physiological range (Blaustein et al., 1980; Brinley, 1980; McGraw et al., 1980; Requena, 1983; Zucker and Stockbridge, 1983) which in squid axons was measured to be 30 to 50 nM (Brinley, 1980) . Intracellular Ca participates in many cellular events, usually by binding with and altering the properties of a specific binding protein; in neurons, investigators have focused on the role of Ca in initiating or sustaining axoplasmic transport (Hammerschlag, 1980; Ellisman, 1982; Kanje et al., 1982; Ochs, 1982) triggering neurotransmitter release (Blaustein et al., 1980) degrading neurofilaments in the axon terminals (or after injury) by activation of proteases (Schlaepfer and Bunge, 1973; Schlaepfer, 1974; Gilbert, 1975; Lasek and Hoffman, 1976; Schlaepfer et al., 1981; Pant et al., 1982) and regulating the assembly-disassembly of microtubules (Yamauchi and Fujisawa, 1982; Yamamoto et al., 1983) . In the case of frog olfactory axons, SER clearly has the capacity to actively sequester Ca, and it is likely that SER is mainly responsible for maintaining functionally appropriate levels of axoplasmic Ca. Furthermore, it is a reasonable assumption that Ca plays a role in fast axoplasmic transport in olfactory axons, and that its presence at some critical level also provides for the gel-sol states required to maintain open channels through which components can be translocated. In regard to regulating levels of axoplasmic Ca, a means must exist to trigger the release of sequestered Ca from the SER in a controlled manner to adjust the Ca equilibrium in the axoplasmic matrix.
Although the primary function of SER in olfactory axons is undoubtedly that of Ca regulation, as in other axons, the frequent appearance of dense material in the cisternal space suggests a secondary function for these elongate compartments. Material could also be translocated within the lumen of the SER, but probably in a passive manner; one must remember, however, that the SER tubule is not a static structure with a constant shape, and that it undoubtedly undergoes limited fusion and fission as it slowly moves from the perikayon into the axon proper on its journey toward the terminals (see Hammerschlag and Stone, 1982) . The cartoon shown in Figure  23 summarizes the proposed functions of SER in olfactory axons, based on our studies to date. The major function is to pump and sequester Ca, but a secondary function is that of providing a tubular compartment through which material, symbolized by the apple, could be translocated.
This probably occurs in a passive manner, but this remains uncertain, as symbolized by the wagon to which a question mark is attached. As in other vertebrates, there is good evidence that olfactory neurons of the frog undergo slow replacement (Graziadei and Metcalf, 1971; Graziadei, 1973; Moulton, 1974 
